[1] We examine the global field-aligned current (FAC) topology associated with a clear substorm on the 16 February 2010. We show that for this particular substorm there is a clear and localised reduction in the FACs observed by AMPERE at least 6 minutes prior to auroral onset. A new auroral arc forms in the region of reduced FAC and on closed field lines which subsequently brightens and expands poleward, signifying the start of the substorm expansion phase. We argue that the change in FACs observed prior to onset is the result of a change in the magnetosphereionosphere (M-I) coupling in a region local to the subsequent auroral onset. Such a change implies an important role for M-I coupling in destabilising the near-Earth tail during magnetospheric substorms and perhaps more importantly in selecting the location in the ionosphere where auroral onset begins. Citation:
Introduction
[2] Magnetic substorms are marked in the ionosphere by a well-defined sequence of events: a brightening of either the most equatorward growth-phase arc or a newly formed equatorward arc, the poleward motion of this arc and subsequent explosive break-up of the aurora [Akasofu, 1977, and references therein] . However, despite being well characterised in the ionosphere there is no consensus among researchers on the physical mechanism leading to the initiation of substorm onset in the magnetosphere (see, for instance, the debate in Science [Angelopoulos et al., 2008; Lui, 2009; Angelopoulos et al., 2009] ).
[3] Two of the more commonly-debated substorm paradigms are the near-Earth neutral line (NENL) and current disruption (CD) models. Each of these phenomenological models describes a sequence of events in the magnetosphere which are suggested to directly relate magnetospheric phenomena to auroral activity in the ionosphere. In the NENL paradigm, magnetic reconnection initiates on stretched field lines at a distance of $20-25 R E triggering magnetospheric substorm expansion phase onset [e.g., Baker et al., 1996; Angelopoulos et al., 2008] . In the CD paradigm magnetospheric expansion phase onset is triggered by a localised plasma instability in the inner magnetosphere [Lui, 1996] , potentially by a ballooning mode [e.g., Roux et al., 1991; Samson et al., 1996] , lower hybrid turbulence [e.g., Huba et al., 1977] , or a cross-field current instability in the central plasma sheet [e.g., Lui et al., 1995; Rae et al., 2010] . Other models including the near-Earth geophysical onset (NGO) [Maynard et al., 1996] and global Alfvénic interaction [Song and Lysak, 2001] have also been postulated, although these latter scenarios typically receive less attention in the literature. Though each substorm paradigm hypothesises a link between the sequence of events in the magnetosphere and the well-defined sequence of auroral events observed in the ionosphere [Akasofu, 1964] , the connection between the magnetosphere and ionosphere remains a critical element in all substorm models that is not well understood. In this paper we use detailed estimates of the field aligned currents (FACs) and ionospheric equivalent currents to show that there is a localised change in M-I coupling in advance of and in a region coincident with auroral onset.
Instrumentation
[4] We present the first in-situ observations of the structure and evolution of the FACs associated with a magnetic substorm from the Active Magnetosphere and Planetary Electrodynamics Response Experiment (AMPERE), together with supporting conjugate auroral images and ground-based and geosynchronous magnetometer data. The global FAC structure can be estimated with AMPERE using the vector magnetic field measured on the Iridium constellation of low-Earth orbiting satellites [Anderson et al., 2000; Waters et al., 2001] . Using the 66 Iridium satellites distributed in 6 orbital tracks, FACs can be determined on the scale of the MLT separation of the Iridium orbital planes at an altitude of $780 km. Reliable FAC estimates from AMPERE are derived when the system is quasi-stationary on the timescale of the satellite separation in each orbital track, $10 minutes so that temporal changes in the system between satellite passes can be neglected.
[5] Estimates of ionospheric equivalent current structures can be determined using a network of closely spaced groundbased magnetometers, to complement the AMPERE derived FACs. In this study, ground-based equivalent currents (ECs) are determined using the H-and D-component magnetometer data from the CARISMA [Mann et al., 2008] and THEMIS [Russell et al., 2008] magnetometer arrays. After a quiet day curve is removed from each magnetometer time series the entire dataset is interpolated onto a uniform grid and the ECs are calculated based on the infinite current sheet assumption [Lühr and Schlegel, 1994] .
[6] In the following section we present a detailed picture of ground-based auroral and magnetic observations, as well as in-situ observations of the AMPERE FAC system and geosynchronous magnetic field perturbations during an isolated and very clearly characterised substorm observed on the 16 February 2010 between 06:00 and 08:00 UT. Auroral observations are provided by the THEMIS white light Allsky Imagers (ASIs) [Mende et al., 2008] at a 3 second resolution and the NORSTAR Forth Smith (FSMI) meridian scanning photometer at 486 and 630 nm wavelengths (the proton and electron aurora, respectively) at a 30 second cadence [Donovan et al., 2003 ]. The geosynchronous magnetic field is provided by the GOES 11 and GOES 14 satellites (G11 and G14, respectively) at 60 second cadence . Higher resolution GOES 11 is not available for this event.
Observations: 16 February 2010
[7] Figure 1a shows the prevailing solar wind and IMF conditions propagated to the magnetosphere from the OMNI-2 database at 5 minute resolution [King and Papitashvili, 2005] . The highlighted region depicts the time period of interest during which the substorm is observed. During this period the GSM Bz is consistently small (mean of À3.4 nT) and directed southward and shows little variation and the solar wind velocity is relatively slow and constant (mean of À321 km/s). Figures 1b-1e show an overview of the substorm from 0600-0800 UT on the 16 February 2010 from geosynchronous orbit (Figures 1b and 1c) and from ground-based THEMIS Forth Simpson (FSIM) all-sky imager ( Figure 1d ) and CARISMA FSIM magnetometer (Figure 1e ) at the location of auroral substorm onset. At onset G11 was located in the pre-midnight sector and conjugate to both the FSIM station and auroral onset and G14 was located around local midnight.
[8] A clear dipolarisation is observed at G11 and G14 at $07:25 UT, characterised by the sharp increase in the magnetic field strength and inclination angle observed at G14, typical of a magnetospheric substorm [McPherron, 1979] . Earlier there is a localised reduction in the G11 magnetic field strength of $5 nT for about 3 minutes around 07:19 UT-07:22 UT. A clear substorm growth phase is evident in the FSIM ASI keogram between $06:30-07:15 UT, characterised by the equatorward motion of the auroral oval [Akasofu, 1964] . Also apparent in the keogram is the formation of an equatorward arc at 07:06 UT which briefly fades and subsequently brightens and expands poleward at 07:18:30 UT marking auroral substorm onset [Akasofu, 1977] . This brightening and expansion is coincident in time with the reduction in magnetic field strength at the conjugate G11 satellite (to within the 60 s resolution of the GOES data). Auroral break-up at 07:25:30 UT is coincident in time with the dipolarisation at G14 and G11. Finally note the formation of the positive D-component and negative H-and Z-component magnetic bays at FSIM which are typical of the enhancement of ionospheric electrojets and formation of the substorm current wedge (SCW) following onset [Clauer and McPherron, 1974] .
[9] Figure 2 shows the evolution of the aurora from the FSMI and FSIM ASIs and the FSMI MSP at selected times (see also the auroral animation in the auxiliary material).
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The dotted blue line denotes the geomagnetic latitude of the peak in the proton auroral intensity at FSMI which marks the inner edge of the ion plasmasheet and the transition from dipole to tail-like magnetic field [Samson et al., 1992] . The dotted red line marks the poleward border of the electron aurora at FSMI characterising the open closed field line boundary (OCFLB) in the magnetosphere [Blanchard et al., 1995] determined using the method of Rae et al. [2004] (see Figure 2 caption ). Both the peak in the proton aurora and poleward boundary of the electron aurora have been extended along lines of constant geomagnetic latitude to guide the eye and for reference to auroral forms in the FSIM ASI. At 07:17:30 UT (Figure 2a) , the proton aurora reaches its minimum latitude, characteristic of the maximum stretching in the magnetotail and end of the growth phase. The yellow triangle marks the location of G11 traced magnetically to the northern hemisphere using T96 [Tsyganenko, 1995] . corresponds to the first brightening of the equatorward arc clearly occurring on closed field lines equatorward of the OCFLB. Note that no poleward auroral streamers [Nakamura et al., 2001 ] are seen within 6 hours of magnetic local time surrounding onset (also see the auroral animation in dissertation auxiliary material). Figure 2c shows the aurora at the time G11 observes a localised decrease in the magnetic field strength and Figure 2d depicts auroral breakup at 07:25:30 UT.
[10] Figure 3 shows the evolution of the FACs (red and blue shading) derived from AMPERE during available ten minute quasi-stationary periods and ground magnetometer derived ionospheric ECs from each station, interpolated onto a regular grid (green and purple arrows respectively). A high latitude eastward electrojet in the dusk sector and lower latitude westward electrojet in the pre-midnight sector is apparent during the growth phase in Figure 3a in addition to an upward FAC system in the pre-midnight sector at $70 CGM latitude and a downward FAC system just equatorward. As the growth phase progresses an enhancement in the eastward and westward electrojets [McPherron et al., 1973] and upward and downward FACs are observed, (Figure 3b ). Just prior to auroral onset, Figure 3c , a localised decrease in the ionospheric ECs and AMPERE FAC system is observed in a region coincident with the subsequent auroral onset (green diamond). The perpendicular ionospheric EC do not appear to change significantly in the nightside regions of the dawn and dusk convection cells. However, local to the subsequent onset region the perpendicular ground magnetic perturbations are smaller at this time. Finally, following auroral onset, Figure 3d shows a clear and strong enhancement of the ionospheric ECs and the development of a complicated system of upward and downward FAC sheets spanning from 20 MLT to 2 MLT. Although more complex in detail, this FAC structure is likely related to the SCW [Murphy et al., 2011] and will be discussed in detail in a separate paper.
[11] Figure 4 is a stack plot of the AMPERE geomagnetic North-South (N-S) and East-West (E-W) magnetic field perturbations (Figure 4a ) from the pre-midnight orbital track (dots in Figure 3a ) that corresponds closely to the MLT of auroral onset, together with the derived FACs at 23 MLT ( Figure 4b ) the FSIM ASI keogram (Figure 4c ) and magnetometer (Figure 4d ) observations as well as the summed auroral intensity from the Gillam (GILL), FSMI and FSIM ASIs (Figure 4e ). The dashed line at 07:18:30 UT and solid line at 66 mark the auroral onset time and geomagnetic latitude, respectively. A clear decrease in the magnetic field perturbations is evident in the pre-midnight AMPERE track at 07:12 UT at the latitude of auroral onset. Between 07:02-07:12 UT (the time between AMPERE passes) the distinctly eastward magnetic field feature between 63 -68 CGM latitude disappears. Similar to the pre-midnight AMPERE track the derived AMPERE FACs in Figure 4b show a clear decrease in the FAC strength prior to auroral onset. The asterisks in Figure 4b mark the end of the select quasi- stationary 10 minute intervals shown in Figure 3 , and the change in the FACs between these points is consistent with the overall conclusion that the FACs are reduced immediately prior to onset. Note in Figure 4b that large increases in the FACs following onset are only evident once the next AMPERE satellite along the 23 MLT track traverses the onset region, approximately ten minutes later. Evident in the ASI keogram and summed ASI intensities is the formation of an equatorward arc which propagates west (GILL to FSMI to FSIM) and dims at FSIM minutes prior to auroral onset. As the equatorward auroral arc forms at FSIM the observed magnetic field begins to diverge; a positive deflection is observed in the D-and Z-components and a negative deflection is seen in the H-component, consistent with a change in local field aligned and ionospheric currents. Interestingly, at the time of the arc dimming a second change in the magnetic field is seen in the FSIM magnetometer data, especially in the D-and Z-components.
[12] Two additional substorms observed on 24 March 2011 08:26:30 UT at the FSIM ASI and 16 May 2011 08:25:30 UT at The Pas ASI (see auxiliary material) also show a clear reduction in the AMPERE derived FACs in a region local to and preceding auroral onset. Significantly, the reduction in AMPERE FAC prior to auroral onset and at the same location suggests that there may be a role for M-I coupling in preconditioning the inner magnetosphere prior to auroral substorm onset.
Discussion and Conclusions
[13] In this paper, we present detailed observations of an isolated substorm event on 16 February 2010. A clear growth phase is marked by the equatorward propagation of the auroral oval and a clear and localised brightening of the aurora on the most equatorward arc is observed at 07:18:30 UT in the FSIM ASI denoting auroral substorm onset. This brightening occurs on closed field lines in the inner magnetosphere near the transition between dipole and tail field lines [Samson et al., 1992] and coincident in time and closely conjugate with a decrease in the G11 geosynchronous magnetic field. No poleward auroral activations, such as the north-south auroral streamers described for example by Nakamura et al. [2001] , are observed prior to this onset and thus there is no clear evidence in the THEMIS white light ASI data to suggest such distant magnetotail activity immediately precedes the auroral onset depicted in Figure 2b [cf. Nishimura et al., 2010] .
[14] However, there is a distinct change in the FACs observed by both AMPERE and ground-derived ionospheric ECs at the end of the substorm growth phase. The AMPERE FACs show a significant reduction in a region coincident with auroral onset and the pre-midnight AMPERE track shows a clear reduction in the N-S and E-W magnetic field perturbations between 07:06-07:12 UT. Coincident in both time and space with this FAC reduction is the formation and westward propagation of a newly formed equatorward arc. Shortly thereafter, the equatorward arc dims such that the intensity of the auroral emissions along the entire arc in the field of view of the FSIM camera is clearly reduced on the $1-2 minute time scales observed by Pellinen and Heikkila [1978] . Subsequently, the same arc then brightens and begins to move poleward at 07:18:30 UT characterising the beginning of the auroral onset in the same region which is precisely local to the prior reduction in FACs. During this entire period both the solar wind Bz and vx (GSM) remain nearly constant and the dayside FAC system (not shown) undergoes little change. Additionally, the westward electrojet continues to enhance for the entire duration of the growth phase. Thus it is unlikely that the change in the night-side FAC and ionospheric EC systems local to the auroral onset region occurs as the result of changes in large scale magnetospheric convection. More likely, there is a change in a localised region of the pre-midnight inner magnetotail which influences the processes leading to auroral substorm onset. We contend that the localised night-side reduction in FACs is the result of a change in magnetosphere-ionosphere coupling in a region conjugate to auroral onset. Determining how changes in magnetospheric and/or ionospheric processes and morphology lead to this FAC reduction and its potential role in the release of energy during onset is critical for understanding substorm onset.
[15] Localised reductions in the in-situ magnetic field are observed by AMPERE at least 6.5 minutes (and perhaps as long as 16.5 minutes) prior to auroral onset consistent with the reduction in FACs inferred by AMPERE during the same time period. This clearly demonstrates that there is a significant change in M-I coupling that precedes substorm onset. Certainly in this event, our observations clearly indicate that M-I coupling played a very significant role in the substorm onset process, perhaps by preconditioning the system prior to onset [cf. Milan et al., 2010] . The exact role of this magnetosphere-ionosphere coupling process local to the onset remains to be determined. However, it is clear from these observations that any substorm model or paradigm must address the localised reduction in M-I coupling prior to onset within its framework. For example, perhaps the change in M-I coupling is responsible for the localised auroral dimming prior to onset [Pellinen and Heikkila, 1978] which subsequently leads to a destabilization of local near-Earth plasmasheet instabilities such as cross-tail current disruption [Lui, 1996] or ballooning at the edge of the equatorial plasma sheet [e.g., Roux, 1985; Samson et al., 1996] leading to onset, or perhaps onset occurs as a result of the near-Earth geophysical onset (NGO) mechanism as described by Maynard et al. [1996] . The local reduction in magnetic field magnitude at onset seen at G11 may be very significant since it could be consistent with both the CD and NGO models as described for example by Ohtani [1998] and Erickson et al. [2000] , respectively.
[16] The fact that the FAC reduction only occurs in a localised region, local to and 6.5 minutes before the subsequent auroral onset has important ramifications for the substorm paradigm. Our observations on 16 February 2010 (as well as those on 24 March 2011 and 16 May 2011 presented in the auxiliary material) clearly demonstrate the necessity of including the role of M-I coupling processes in the minutes preceding auroral onset in any substorm onset mechanism. Indeed these FAC changes could potentially be mediated via the exchange of Alfvén waves between the magnetosphere and ionosphere and therefore could represent a critical component of the onset process. In that case, not only would M-I coupling play a role in selecting the subsequent auroral onset location, but also the FAC could provide a basis for diagnosing the magnetospheric processes which must explain the well-known Akasofu sequence of auroral onset morphology in the ionosphere.
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